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26Burka, E. R., and P. A. Marks, Nature, 204, 659 (1964) . 27 Gross, P., J. Exptl. Zool., 157, 21 (1964 21, 1965 The primary event following the administration of adrenocorticotropic hormone (ACTH) is the immediate increase in steroid synthesis by the adrenal gland.1 Previous studies by numerous investigators suggested that this action of ACTH was the result of specific activation of enzymes.2' 3 However, studies showing that puromycin or chloramphenicol blocked the stimulation of corticosterone synthesis by ACTH suggested that protein synthesis was involved in this process.4 5 But the importance of these findings in the physiological role of ACTH remained unclear since puromycin did not appear to block the ACTH stimulation of steroid synthesis when administered in vivo. 4 Furthermore, Hechter and Halkerston, in a recent review of the action of ACTH, reported studies (which were modifications of the in vitro studies of Ferguson) which led them to doubt that the puromycin inhibition of steroidogenesis was caused by its action on adrenal protein synthesis.6
In the present communication, studies on the mechanism of the stimulation of adrenal steroidogenesis by ACTH in vivo are reported. Evidence is presented which suggests that ACTH regulates corticosterone production by activating specific protein synthesis at a site involving translation of stable template RNA.
Experimental.-In the following studies the effect of ACTH on corticosterone production by rat adrenals in vivo was studied using the method of Lipscomb and Nelson.7 Female rats weighing 200 gm were hypophysectomized by the transaural approach approximately 2 hr prior to their use. At that time baseline corticosterone production was markedly reduced; however, the adrenal glands were still fully responsive to ACTH stimulation." 8 The animals were anesthetized with nembutal. ACTH was injected into one femoral vein, and C14-leucine or C14-uridine was injected into the other. A needle was then threaded through the left adrenal vein almost to its entrance into the adrenal gland, and its entire venous drainage was obtained for 3 min, starting either 7 or 17 min after the injection of ACTH, depending on the experiment. The adrenal glands were then rapidly removed and frozen in solid carbon dioxide until used. Corticosterone in blood and adrenal tissue was extracted with methylene chloride and assayed according to the fluorescence method of Silber et al. 9 Incorporation of leucine-Cl4 into adrenal protein was measured by the method of Siekovitz and prepared for liquid scintillation counting as described by Maxwell.'0 The uridine-C'4 incorporated into adrenal RNA was extracted and prepared for assay of radioactivity as described Results.-Inhibition of adrenal protein synthesis and steroidogenesis with puromycin and cycloheximide: When 30 mg puromycin was injected intraperitoneally as few as 3 min prior to the intravenous administration of 2 mU ACTH, the stimulation of steroidogenesis measured 10 min later was inhibited by approximately 60 per cent. This inhibition was increased when puromycin was injected 40 min prior to ACTH administration (Table 1) . That puromycin in these experiments inhibited adrenal protein synthesis was demonstrated by the following. Immediately after the intravenous injection of ACTH, C14-leucine was injected intravenously also, and 10 min later the glands were rapidly removed, frozen, and subsequently prepared for assay of radioactivity as described in Methods. As shown in Table 1 , when puromycin was administered intraperitoneally 3 min prior to ACTH, the incorporation of C14-leucine into adrenal protein was partially inhibited, and when puromycin was injected 40 min prior to ACTH, the inhibition was even greater.
However, considering the possibility that puromycin inhibited this phenomenon by a mechanism other than its known inhibition of protein synthesis, 12 ' the effect of cycloheximide on this process was studied in similar experiments. Cycloheximide was selected because it is structurally different from puromycin and has been shown to inhibit protein synthesis at a similar site, but by a different mechanism.'4 As shown in Table 2 , cycloheximide was even more effective in suppressing adrenal protein synthesis and steroidogenesis when administered intraperitoneally either 3 or 40 min prior to ACTH. With puromycin and cycloheximide, the degree of inhibition of the steroidogenic response to ACTH correlated well with the extent of inhibition of adrenal protein synthesis as measured by C14-amino acid incorporation into adrenal protein.
The possibility that these findings reflected an inhibition by puromycin and cycloheximide of steroid release from the adrenals into the venous blood rather than a suppression of steroid synthesis was considered. This was ruled out since, as shown in Table 3 , corticosterone did not accumulate in the adrenal glands at a time when secretion into the adrenal venous blood was markedly inhibited by cycloheximide.
Inhibition of adrenal RNA synthesis with actinomycin D: Because it has been shown that the induction of specific protein synthesis in bacterial'7 and in various mammalian systems apparently requires previous RNA synthesis,18-20 the effect of actinomycin D (e.g., ref. 21 ) on the stimulation of steroidogenesis by ACTH was studied.
In the following studies actinomycin D (1 mg) was injected intraperitoneally 2 hr prior to the intravenous administration of ACTH (2 mU) and uridine-C14 (15 JAc). Twenty minutes after injecting ACTH, the adrenals were rapidly removed and prepared for assay of uridine-C14 incorporation into adrenal RNA (Methods). PROC. N. A. S. (4) injected intravenously. This was immediately followed by 15 ;&c uridine-C'4, also administered intra-* Number rats.
venously. From 17 to 20 min after the administration 40 min after the intraperitoneal administration of of ACTH (for 3 min) adrenal venous blood was ob-10 mg cycloheximide, 2 mU ACTH was injected tained and assayed for corticosterone as described in intravenously. This was compared with untreated Methods. The animals were sacrificed (i.e., 20 min rats which were injected intravenously with 2 mU after ACTH and C14-uridine administration), and the ACTH and with saline-injected controls. 10 min adrenals were removed and assayed for radioactive after the administration of ACTH, the animals were incorporation into RNA as described in Methods. sacrificed, the adrenal glands rapidly removed, homogThis group was compared with animals which were enized, and corticosterone was extracted with methyltreated with ACTH (no actinomycin D pretreatment) ene chloride and assayed as described in Methods.
and saline controls.
In addition, corticosterone was extracted from the adrenal venous blood obtained during the last 3 min of the experiment (17-20 min after ACTH). As shown in Table 4 , although RNA synthesis was almost completely inhibited by actinomycin D, the steroidogenic response to ACTH was entirely intact. Similar results were obtained using orotic acid-Cl4 as the RNA precursor, but incorporation into RNA was less than with uridine. Studies suggesting regulation of steroidogenesis by synthesis of a protein with a rapid rate of turnover: Since the above studies indicated that the steroidogenic response to ACTH was dependent upon protein synthesis, the following studies were performed to elucidate further this relationship. As shown in Figure 1 , when 50 mU ACTH were injected intravenously, corticosterone synthesis increased within 3 min, reached a maximum in 10-15 nini, and maintained this level for at least 50 that cycloheximide inhibited the synthesis of a secretion after the administration of protein with a rapid turnover, the level of which cycloheximide are plotted on a semidetermined the rate of steroidogenesis. This logarithmic scale. hypothetical protein is therefore in some way a regulator, perhaps a rate-limiting enzyme, of steroid biosynthesis. The following preliminary studies on the site of action of this regulator protein in the steroid synthetic pathway indicate that the pathway between A5-pregnenolone and corticosterone is intact after cycloheximide treatment. As shown in Table 5 , when cycloheximide was administered intraperitoneally 15 min prior to sacrifice, and the adrenals rapidly removed, quartered, and incubated in buffer which also contained this antibiotic, the stimulation of The curve illustrating corticosterone secret tion after the administration of 50 mu between0.06and0.50mACUTH.' How-ACTH is the same as that shown in ever, as illustrated in Figure 3 , 0.5 and Fig. 1 . The secretion of corticosterone *" mU ACTH increased corticosterone that followed the intravenous injection of 5n"-' 0.5 mU ACTH was measured at 0, 10, secretion to the same level. Furthermore, 30 , and 50 min after treatment. The procedure was similar to that described in t was shown that the rate of steroid Fig. 1 and Methods. At each point the num-synthesis could not be increased beyond ber of rats and the standard error of the * . .
corticosterone determination are indicated. this level, because when a second injection of 50 mU ACTH was administered, during maximum stimulation, no additional increase in steroidogenesis occurred.
However, as also shown in Figure 3 , the duration of the stimulated steroidogenesis was clearly dose-dependent. Thus, since the half-time of ACTH in the circulation of the rat has been shown to be approximately 2 min,24 the smaller dose would be expected to maintain plasma ACTH levels for a much shorter period than the larger one. These findings indicate that steroid synthesis is not only stimulated but also sustained by ACTH. Since it was proposed that ACTH stimulates steroidogenesis by initiating the synthesis of a rapidly turning-over protein, therefore, in line with the above data, it appears that the continued presence of ACTH is required for continued synthesis of this protein.
These findings also suggested the following mechanism to account for the factors which limit the maximum rate of steroidogenesis reached after the injection of at least 0.5 mU ACTH, as distinguished from the duration of maximum steroidogenesis which was considered above (Fig. 3) . The following calculation suggests that the rate of steroidogenesis obtained after maximal ACTH stimulation is dependent on a rate of synthesis determined by a fixed amount of mRNA and the high degradation rate of the regulator protein stimulated by ACTH. If it is assumed that after ACTH administration the rise in steroidogenesis is directly related to the synthesis of a regulator protein, then in the differential equation
the synthesis constant, K1, includes the conditions necessary for synthesis. The fraction ACTH/(a + ACTH) approaches unity when the administered dose of ACTH is 0.5 mAt or greater, as was used in the present studies (Fig. 3) [RP], i.e., at the maximum level of steroidogenesis, the rate of synthesis is equal to the amount of degradation. From this equation it appears that in order to increase the maximum rate of steroidogenesis, the synthesis constant, Ki, must be increased. In microorganisms it has been suggested that the induction of protein synthesis results from an increased synthesis of mRNA.21 However, in the present studies it has been shown that the ACTH stimulation of steroidogenesis was not suppressed by doses of actinoinycin D which markedly inhibited RNA synthesis (Table 4) . Therefore, once the maximum rate of steroidogenesis was induced by 0.5 mU ACTH, presumably, preformed mRNA is optimally utilized and even 50 mU ACTH does not further increase steroidogenesis. Thus, under these conditions K, apparently includes mRNA and remains constant. However, since it has been indicated that the rate of degradation, K2, is extremely high, as shown by the rapid decline in stimulated steroidogenesis after protein synthesis was blocked by cycloheximide, it is suggested that the maximum rate of steroid synthesis reached after ACTH administration is determined by the high degradation K2 [RP] .
Discussion and Summary.-The mechanism of the stimulation of corticosterone by ACTH in vivo has been studied. The data suggest the following.
(1) The findings that puromycin and cycloheximide inhibited the stimulation of steroidogenesis by ACTH in these studies and that chloramphenicol was shown to act similarly in vitro' indicated that protein synthesis was involved in this phenomenon.
(2) Because actinomycin D which inhibited RNA synthesis for at least 2 hr had no effect on either adrenal protein synthesis or the ACTH stimulation of steroid synthesis, it indicated that adrenal messenger RNA was stable and that synthesis of mRNA did not occur after ACTH treatment. The possibility that the specific mRNA was not inhibited by the actinomycin D treatment should be considered. However, this is extremely unlikely, considering the marked inhibition of uridine incorporation into RNA, and the previous demonstration that the amount of actinomycin D used in these experiments, administered in vivo, completely suppressed the synthesis of all moieties of RNA with the exception of a small amount of transfer RNA in rat liver.26 These findings are in line with previously reported in vitro studies.
(3) Since the inhibition of protein synthesis at a time of maximal steroidogenesis resulted in a rapid decline of steroid synthesis with a T-1/2 of 7-10 min, steroidogenesis is probably regulated by a protein with a rapid rate of turnover.
(4) Since ACTH stimulated corticosterone synthesis without increasing adrenal protein synthesis in general, as measured by amino acid incorporation into adrenal protein, and since the decline in stimulated steroid synthesis after cycloheximide treatment showed first-order kinetics, it suggested that ACTH stimulated a specific protein regulator of steroidogenesis. (5) The finding that the duration of stimulated steroidogenesis was determined by the dose of ACTH administered indicated that the maintenance of maximum PROC. N. A. S. steroidogenesis was dependent upon the continued presence of ACTH.
The implications of these data are, of course, dependent on the assumption that the observations which were obtained by the use of inhibitors of RNA and protein synthesis were the result of these specific demonstrated actions, rather than from some other unknown side effects of these antibiotics.
Thus, in summary, it appeared that ACTH stimulated corticosterone biosynthesis by acting at the level of translation of specific mRNA. This resulted in the synthesis of a rapidly turning-over protein which in turn regulated steroid synthesis. Continued synthesis of this protein depended upon continued presence of ACTH.
The rapid turnover of mRNA's in bacteria led to the hypothesis that enzyme induction was regulated at the level of the gene through the synthesis of specific mRNA's.25 However, in higher organisms where, as shown in the present study, mRNA appears to be relatively stable,27-29 it is not surprising that recent studies of enzyme induction have indicated that inhibition of enzyme synthesis occurred at the level of the translation of, rather than synthesis of, mRNA. 28 The present studies imply that in the presence of stable mRNA, the changing rates of steroidogenesis that follow stimulation by ACTH are regulated by the synthesis of a rapidly turning-over protein.
